Abstract: Spark plasma sintering (SPS) has been successfully used to produce all-solid-state lithium-ion batteries (ASSLibs). Both regular and functionally graded electrodes are implemented into novel three-layer and five-layer battery designs together with solid-state composite electrolyte. The electrical capacities and the conductivities of the SPS-processed ASSLibs are evaluated using the galvanostatic charge-discharge test. Experimental results have shown that, compared to the three-layer battery, the five-layer battery is able to improve energy and power densities. Scanning electron microscopy (SEM) is employed to examine the microstructures of the batteries especially at the electrode-electrolyte interfaces. It reveals that the functionally graded structure can eliminate the delamination effect at the electrode-electrolyte interface and, therefore, retains better performance.
Introduction
As the use of rechargeable electronic devices has expanded, the need for improvements in energy density, power capacity, and product safety has continued to rise. The traditional Li-ion batteries that are used in most devices have a liquid electrolyte solution because of the high ionic conductivity of these electrolytes. However, the use of liquid electrolytes has some disadvantages [1] . First, the electrolyte must be constrained from leaking out of the battery. This requires a relatively complex overall battery design and increases the amount of material needed for the battery. Second, the liquid portion of the battery is limiting the battery as part of the load bearing structure. Third, the liquid electrolytes are only operable within a narrow temperature range. The electrolyte will either freeze or boil if temperatures vary too much. All of these disadvantages result in batteries that are lacking in both reliability and safety.
Li-ion batteries with solid electrolyte are designed to solve above-mentioned issues because they do not need to contain any liquids. They can be integrated into the support of the overall product design because they have higher structural stability and they can be used in a much wider temperature range. However, current solid-state batteries have significantly lower power and energy densities than their liquid-state counterparts, making them less practical for industrial and commercial applications. Therefore, most of the studies regarding all-solid-state lithium-ion batteries (ASSLibs) are revolving around improving the power and energy densities of the cells.
Polymeric electrolytes were considered as they are easy to fabricate and flexible in some applications [2] . However, they have relatively low ionic conductivity and tend to oxidize when contacting electrodes [3] . Moreover, polymeric electrolytes are not stable at high temperature regimes.
Extensive research has been conducted on different ceramic materials for use as electrolytes, and three crystal structures have been shown to facilitate high total (bulk and grain boundary) ionic conductivity. Perovskite-structured electrolytes (Li 3x La 2/3−x TiO 3 or LLTO) have been found to have high ionic conductivity, which is comparable to that of liquid electrolytes [4] [5] [6] [7] . However, this type of electrolyte also showed low redox potential vs. Li/Li + [8] . Garnet-structured electrolytes such as Li 7 La 3 Zr 2 O 12 (LLZO) have exhibited high ionic conductivity and stable electrochemical properties [9] [10] [11] [12] . However, sintering temperature and the moisture resistance of LLZO should be taken into account [12] [13] [14] [15] [16] . Two commonly studied NASICON-structured electrolytes are LiTi 2 (PO 4 ) 3 (LTP) and LiGe 2 (PO 4 ) 3 (LGP). Both of them have shown high ionic conductivities [17, 18] . Substituting Al for Ti in LTP forms Li 1+x Al x Ti 2−x (PO 4 ) 3 (LATP). This doped composite has higher ionic conductivity, lower sintering temperature, and higher crystalline stability than the un-doped one [19] [20] [21] and is also stable against moisture [22, 23] .
The main drawback of the ceramic electrolyte materials is their high reactivity with electrode materials during heat treatment and reduction on contact with lithium [24] . If these electrolytes are to be used, appropriate electrodes need to be selected to avoid adverse reactions at the electrolyte-electrode interfaces during heat treatment, charging and discharging. The anode should have low potential, while the cathode should have high potential vs. Li/Li + , and neither of them should cause electrolyte decomposition. One optimal anode material is Li 4 Ti 5 O 12 (LTO) with a potential of 1.55 V vs. Li/Li + [25, 26] ; this material does not react with LATP electrolyte [27] . The most promising cathode materials are the olivine-structured compounds such as LiMPO 4 (M = Fe, Mn, Ni, Co, etc.), providing high structural stability and low capacity loss [28] . Sintering techniques have been widely applied to produce ASSLibs including the most attractive spark plasma sintering (SPS) [8, [29] [30] [31] thanks to its coupled electro-thermal mechanical features [32] . Aboulaich et al. successfully fabricated ASSLibs using composite electrodes [29, 30] . However, the obtained cells showed low power density due to the small amount of active materials in the electrodes.
The present study aims at investigating the effect of regular and functionally graded electrodes on the power density and the interface quality of ASSLibs produced by the SPS technique. Electrodes with various concentrations of active materials were developed while focusing on increasing the power capacity. Keeping the same amount of composite ceramic electrolyte, three-layer and five-layer batteries were fabricated by consolidating electrode and electrolyte powders together in one SPS operation. The SPS-processed batteries were subjected to galvanostatic charge-discharge and electrical conductivity tests to determine the effect of electrode compositions on the relative energy and power density. Microstructural analyses were conducted to examine the electrolyte-electrode interfaces as the battery structure changed in correspondence to the evolution of its electrical properties.
Materials and Methods
Commercially available Li 1.4 Al 0.4 Ti 1.6 (PO4) 3 powder (LATP, NEI Corp., Somerset, NJ, USA) was selected to build the electrolyte as it appears to be the most compatible one among all the ceramic electrolyte materials discussed in Section 1. In order to offset the thermal mismatch between electrolyte and electrode, LATP was also used in the electrodes. The active material in the anode was LTO (NEI Corp., Somerset, NJ, USA), while LiCoPO 4 (LCP, NEI Corp., Somerset, NJ, USA) was added to the cathode, as both of these materials do not react with LATP [26, 27] . To enhance the conductivity of ASSLibs, acetylene black (AB, MTI Corp., Richmond, CA, USA) powder was used as a part of the composite electrodes. The morphologies of all the employed raw powders were examined by SEM (Quanta 450, FEI Co., Hillsboro, OR, USA) and are shown in Figure 1 . As one can see, these as-received powders have uniform particle size distribution with an average size in the nano range (different scales are used to properly exhibit the morphology). Additionally, the XRD analyses (X'Pert Pro, PAnalytical B.V., Almelo, The Netherlands) have confirmed that the raw powders are very close to their stoichiometry. For the three-layer battery, as shown in Figure 2a , the regular electrodes consisted of 40 wt % LATP, 30 wt % active material (LTO or LCP), and 30 wt % acetylene black as they were able to be consolidated in one sintering operation according to Reference [33] . However, to create the functionally graded electrodes, different compositions were developed. A 60 wt % LATP, 10 wt % LTO, and 30 wt % acetylene black composition was implemented as a part of the functionally graded anode. One can see from Figure 2b that these secondary compositions served as an intermediate layer between the primary anode and the electrolyte, which had a higher LATP content, thereby reducing the difference in sintering temperature between the different layers. At the same time, on the cathode side, a layer of 20 wt % LATP, 50 wt % LCP, and 30 wt % acetylene black was primarily used to increase the energy density of the battery as it contained more active materials. These graded compositions were determined based on the analysis of the three-layer battery interface qualities (see details in Section 3). For the three-layer battery, as shown in Figure 2a , the regular electrodes consisted of 40 wt % LATP, 30 wt % active material (LTO or LCP), and 30 wt % acetylene black as they were able to be consolidated in one sintering operation according to Reference [33] . However, to create the functionally graded electrodes, different compositions were developed. A 60 wt % LATP, 10 wt % LTO, and 30 wt % acetylene black composition was implemented as a part of the functionally graded anode. One can see from Figure 2b that these secondary compositions served as an intermediate layer between the primary anode and the electrolyte, which had a higher LATP content, thereby reducing the difference in sintering temperature between the different layers. At the same time, on the cathode side, a layer of 20 wt % LATP, 50 wt % LCP, and 30 wt % acetylene black was primarily used to increase the energy density of the battery as it contained more active materials. These graded compositions were determined based on the analysis of the three-layer battery interface qualities (see details in Section 3). For the three-layer battery, as shown in Figure 2a , the regular electrodes consisted of 40 wt % LATP, 30 wt % active material (LTO or LCP), and 30 wt % acetylene black as they were able to be consolidated in one sintering operation according to Reference [33] . However, to create the functionally graded electrodes, different compositions were developed. A 60 wt % LATP, 10 wt % LTO, and 30 wt % acetylene black composition was implemented as a part of the functionally graded anode. One can see from Figure 2b that these secondary compositions served as an intermediate layer between the primary anode and the electrolyte, which had a higher LATP content, thereby reducing the difference in sintering temperature between the different layers. At the same time, on the cathode side, a layer of 20 wt % LATP, 50 wt % LCP, and 30 wt % acetylene black was primarily used to increase the energy density of the battery as it contained more active materials. These graded compositions were determined based on the analysis of the three-layer battery interface qualities (see details in Section 3). Once the raw materials were characterized and the electrode compositions were determined, the next step was to create the composite powders. Selected powders were put together according to the predetermined weight percentages and ball-milled in a 95% ethanol solution at 60 RPM for 24 h. The ball milling was carried out in an 80 mL nylon jar with 1 mm tungsten carbide balls, and the weight ratio of balls to powder was set to 10:1. After the powders were homogenized, the mixture was placed on a hot plate and heated to 98 • C until the solvent evaporated. The remaining material was then brushed through a sieve to yield the composite electrode powders. The weighted electrode powder and electrolyte powder were loaded into 10 mm graphite tooling (I-85 graphite, Electrodes Inc., Santa Fe Springs, CA, USA). Graphite paper with a thickness of 0.15 mm (Fuji Electronic Industrial Co., Ltd., Kawasaki, Japan) was inserted between tooling components to make the ejection process after sintering simpler. All the battery layers were pressed down in the die and the entire tooling setup was pre-compacted at room temperature under 3 kN.
The SPS runs were conducted using Dr. Sinter SPSS-515 furnace (Fuji Electronic Industrial Co., Ltd., Kawasaki, Japan) with a pulse duration of 3.3 ms and on/off pulse intervals of 12:2. The maximum processing temperature during the SPS process ranged from 650 to 850 • C with the holding time spanned from 5 to 30 min. The heating rate was set to 100 • C/min. An axial pressure of 45-60 MPa was applied at the start of heating and held consistently until the end of each experiment. During each SPS process, a K-type thermal couple was used to monitor the temperature evolution at the graphite die. All the real-time processing parameters were automatically logged by the device. Every individual experiment was repeated at least twice to ensure the reproducibility of the results.
To test the electrical properties of the obtained batteries, a galvanostatic charge-discharge tester (PGSTAT204, Metrohm Autolab B.V., Utrecht, The Netherlands) was first used to evaluate the electrical capacity. In these tests, the cells were charged and discharged with a constant rate of 20 µA/cm 2 . For both three-layer and five-layer batteries, the charge time was 60 min, and the tests were conducted until the batteries were fully discharged, as shown by a drop-off in cell potential. The energy and the power density of the cells were compared by examining the achieved potential level for the total charge-discharge cycle and the specific capacities at given period of time for each battery. The electrical conductivities of the batteries were evaluated by a digital multimeter (HDM4100, Commercial Electric Inc., Taiwan) after the batteries have been discharged. The resistivity, ρ, and the conductivity, σ, were calculated using Equation (1), where l is the length of the battery in cm, A is the cross-sectional area of the battery in cm 2 , and R is the measured resistance in ohms. In order to properly conduct these electrical tests, two thin tin plates were fabricated to clamp onto both ends of the batteries serving as current collectors.
After the electrical tests, the obtained batteries were cut into halves on a precision diamond saw (IsoMet 1000, Buehler, Lake Bluff, IL, USA) to have their cross sections exposed. The samples were then ground and polished using SiC grinding papers with increasing grit size on an automatic polishing machine (TegraPol-11, Struers Inc., Cleveland, OH, USA). Once the samples were well polished, they were examined using SEM for microstructure observation.
Results and Discussion
The completeness of the batteries' consolidation under various SPS conditions is indicated in Table 1 . One can see that the batteries processed at 825 • C under an 80 MPa pressure with a 30 min holding time delivered the highest densification level and the best joining interface between electrodes and electrolyte. The others either had no fully consolidated electrodes or contained nearly melted components, although the electrolyte was always consolidated. Therefore, the above-mentioned processing parameters were considered to be the most efficient under the studied SPS processing regimes and the comparison between the regular three-layer and the functionally graded five-layer batteries was mainly conducted for the specimens processed by applying these conditions. The galvanostatic charge-discharge tests determined whether or not the implementation of the functionally graded electrodes improved the electrochemical performance of the batteries. Figure 3 shows the results of these tests. The average charge potential of the five-layer battery is higher than that of the three-layer one (Figure 3a) , resulting in an increase in the discharge capacity and the average discharge potential in the five-layer battery (Figure 3b ). This observation indicates that both the energy density and power density of the cell was improved by implementing the functionally graded electrodes. However, it is important to note that both of the batteries produced in this study show significantly lower specific capacities than the battery constructed in Reference [34] . There are a number of possible reasons for this: (i) the materials used for battery components; (ii) possible contamination of battery materials during preparation (ball milling, baking, etc.), reducing their abilities to conduct lithium ions; (iii) different battery dimensions (i.e., electrode and electrolyte thicknesses). The main conclusions to draw from this test are (i) the implementation of functionally graded electrodes improves both the energy and power densities of ASSLibs; (ii) these fabrication techniques used in the present study can be generally transferred to the production of other types of ASSLibs with achieving high capacities. The galvanostatic charge-discharge tests determined whether or not the implementation of the functionally graded electrodes improved the electrochemical performance of the batteries. Figure 3 shows the results of these tests. The average charge potential of the five-layer battery is higher than that of the three-layer one (Figure 3a) , resulting in an increase in the discharge capacity and the average discharge potential in the five-layer battery (Figure 3b ). This observation indicates that both the energy density and power density of the cell was improved by implementing the functionally graded electrodes. However, it is important to note that both of the batteries produced in this study show significantly lower specific capacities than the battery constructed in Reference [34] . There are a number of possible reasons for this: (i) the materials used for battery components; (ii) possible contamination of battery materials during preparation (ball milling, baking, etc.), reducing their abilities to conduct lithium ions; (iii) different battery dimensions (i.e., electrode and electrolyte thicknesses). The main conclusions to draw from this test are (i) the implementation of functionally graded electrodes improves both the energy and power densities of ASSLibs; (ii) these fabrication techniques used in the present study can be generally transferred to the production of other types of ASSLibs with achieving high capacities. Table 2 shows the resistivity and conductivities of both three-and five-layer batteries. The conductivities of their constituent powders are also included as a reference (note that the conductivity of acetylene black was provided in the material manufacturer data sheet). As one can see, the resistivity of the battery with functionally graded electrodes is lower than that of the battery without. This is most likely due to the reduced delamination at the anode-electrolyte interface that comes from the introduction of the functionally graded electrodes. It is worth noting that, although the LATP powder owns the highest conductivity, the conductivities of the fabricated batteries are limited by those of their constituent materials. In addition, the existence of interfacial imperfections between electrodes and electrolyte also appears to be a factor lowering the conductivity. As a result, the conductivities of both batteries are lower compared to the raw materials, but they are still within the expected range based on the literature. Since the resistances of the ASSLibs were measured with a Table 2 shows the resistivity and conductivities of both three-and five-layer batteries. The conductivities of their constituent powders are also included as a reference (note that the conductivity of acetylene black was provided in the material manufacturer data sheet). As one can see, the resistivity of the battery with functionally graded electrodes is lower than that of the battery without. This is most likely due to the reduced delamination at the anode-electrolyte interface that comes from the introduction of the functionally graded electrodes. It is worth noting that, although the LATP powder owns the highest conductivity, the conductivities of the fabricated batteries are limited by those of their constituent materials. In addition, the existence of interfacial imperfections between electrodes and electrolyte also appears to be a factor lowering the conductivity. As a result, the conductivities of both batteries are lower compared to the raw materials, but they are still within the expected range based on the literature. Since the resistances of the ASSLibs were measured with a digital multimeter, the diffusion resistance was not taken into account. To have more accurate measurements, it is better to apply AC impedance method to separate the intrinsic resistances. Figure 4 shows the micrographs of the electrode-electrolyte interfaces in the three-layer battery. It shows that the cathode-electrolyte interface has no evidence of delamination, while the anode-electrolyte interface does. The delamination was not complete, so the battery was able to remain intact, but as mentioned previously, the presence of delamination at the electrode-electrolyte interface is a major contributor to interfacial resistance. The manner in which the functionally graded electrodes were constructed was determined based on these images. It was clear that the original cathode composition and electrolyte consolidated well (see Figure 4a) , meaning that this composition could be used as the intermediate cathode layer and a new composition with a higher concentration of LCP could be used as the primary cathode. However, the cracking seen at the anode-electrolyte interface is indicative of thermal mismatch (see Figure 4c ). Therefore, a new anode composite with a higher concentration of LATP needed to be implemented as an intermediate layer between the electrolyte and the original composite anode.
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Conclusions
The ability of SPS to fabricate functionally graded components of all-solid-state Lithium-ion batteries has been investigated in the present study. Two types of ASSLibs have been successfully produced and tested. The first one employed the traditional design with regular electrodes. The second employed a novel design implementing functionally graded electrodes. The second design allowed the battery to maintain high-quality interfaces between each component and to contain a more active electrode material. The electrical properties and the microstructures of the SPS-processed batteries were evaluated comparatively. It was shown that the functionally graded electrodes were able to eliminate the delamination at the component interfaces and to result in higher energy and power densities. Both theoretical and experimental advantages of this novel battery design have been validated. The obtained results are of importance for tailoring and optimizing ASSLibs via SPS technique. 
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